Transcranial near-infrared stimulation (tNIRS) has been proposed as a tool to modulate 1 cortical excitability. However, the underlying mechanisms are not clear where the heating effects on 2 the brain tissue needs investigation due to increased near-infrared (NIR) absorption by water and fat.
consumption occurs during increased neural activity [26] , which leads to increased CCO activity, so an 84 assessment and modulation of CCO activity can open a pathway to monitor and modulate neuronal 85 activity[27] [28] . Here, redox state-dependent changes in the NIR spectrum is an essential tool for 86 near-infrared spectroscopy of the oxidation state of CCO[2] . 87 In this paper, investigation of the interaction of light with the chromophores that are responsive 88 to photons in the red-NIR spectral region has been performed. Since there is an increased absorption 89 of longer wavelengths by water in the tissue, we postulate that NIR light interaction with neural 90 tissue may have effects of photobiomodulation as well as photothermal neurostimulation which needs 91 consideration for rational dosing of tNIRS due to the biphasic dose response. Although it has been 92 reported that tNIRS is a modulator of cortical excitability in healthy human brain [1] which forms the 93 basis of this paper, however, the exact mechanisms of the neuromodulation has been elusive. In this 94 paper, we apply computational modeling to dissociate photothermal effects from photobiomodulation 95 during tNIRS with 810nm while comparing that with the red spectrum (630nm and 700nm) used for 96 LLLT[16] to investigate the mechanisms underlying neuromodulation [1] . Here, the primary aim is 97 to better understand the extent of optically induced tissue heating (primarily due to water and fat To develop the computational model of light interaction with the chromophores in the human 102 head by non-invasive approach, a digital brain phantom based on high-resolution brain atlas [29] was 103 used in the study. From the Colin27 head atlas, the different layers of the brain were segmented to 104 form layered tissues of the head model [30] . Volume mesh was created from each layer after surface 105 smoothing using CGAL surface mesh toolbox [31] with each surface having its own mesh criteria and 106 density. After the multi-layered surface mesh was generated, the volume mesh was generated using 107 the Delaunay tetrahedralization algorithm [32] . Figure 1 shows the multi-layered head mesh generated 108 after Delaunay tetrahedralization. Photon transport in scattering media, such as biological tissues, is generally modeled using the radiative transfer equation (RTE) [33] due to its more accurate solution for highly scattering medium as in the case of brain tissues [34] and higher computational efficiency for complex medium [35] [36]. The tetrahedral mesh generated was converted into a CAD file and imported to COMSOL. After importing the mesh to COMSOL, the computation of photon propagation was solved through the diffusion approximation of the RTE. The second order partial differential equation(eqn. 1) describes the time behavior of photon fluence rate distribution in a low-absorption high-scattering medium.
(
Here, µ a , µ s , and µ t are the absorption, reduced scattering and total attenuation coefficients, respectively, L(r, S, t), the radiance at position r with direction of propagation S , v the velocity of light through the medium (v = c/n where c is the velocity of light in vacuum and n the refractive index of the medium), Q(r, S, t) the source term, and S, S , r the phase function for scattering. A standard approximation method for the RTE assumes that the radiance in tissue can be represented by an isotropic fluence rate, φ(r,t), plus a small directional flux, J(r,t), where:
The final diffusion approximation of RTE, i.e., diffusion equation, is derived as:
where D(r) is defined as:
The µ s is the reduced scattering coefficient and is obtained from equation 6:
where g is the anisotropy factor.
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The diffusion equation is solved by using the COMSOL Multiphysics software using the Partial Differentiation Equation (PDE) toolbox (comparison with Monte Carlo simulation shown in the supplementary material 1). The entire head model had four domains: scalp and skull combined, CSF, gray matter, and white matter, as listed in table 2. The physics was applied to each domain at steady state with the initial condition being zero. The source term was taken from the published literature [1] where the power density was 500mW/cm 2 at the scalp surface as presented by Chaieb and colleagues[1] . The head model was assumed to be surrounded by air at room temperature(25°C). We placed our sources at the air-tissue interface, which is at the scalp, following Chaieb and colleagues [1] . The boundary condition here is as follows:
The optical properties, namely scattering coefficient at these wavelengths have been reported in The reduced scattering coefficients are calculated based on the scattering coefficient and the 127 anisotropy factor (eqn. 6). The anisotropy factor, g = 0.89 has been assumed for all the tissue layers.
128
Although literatures have shown that diffuse reflection occurs at the skin surface, in this paper, the 129 reflection effects have been excluded. The thermal effect due to the absorbed incident light is modeled using the bio-heat transfer mechanism [40] . The algorithm analyzes the temperature distribution and heating profile when the heat is applied to the tissue. The Penne s Bio-heat equation(eqn. 8) is used to model this phenomenon for localized and distributed energy source.
Here, ρ(kgm −3 ) is the tissue density, c is specific heat of the tissue(kJ/kg/K), K is thermal conductivity, cb(3664J/kg.°C) is blood specific heat, ω b is blood volumetric perfusion rate, T a is the arterial blood temperature(37°C), ρ b (1050kgm −3 ) is the blood density and Q met and Q r are the volumetric metabolic heat and the external spatial heating respectively. The heat source term is related to the local fluence rate and tissue absorption coefficient[41] as follows:
The bio-heat physics is applied with the different tissue components having their respective thermal 132 and blood perfusion properties. The thermal and the blood perfusion parameters are taken from[42] to 133 be used for the computation of the bio-heat transfer, as shown in The three wavelengths, 630nm, 700nm, and 810nm in the red and the NIR spectral regions, have 153 been reported to be promising for photobiomodulation [44] . The two reported wavelengths were 154 chosen from red (630nm, 700nm) and one in NIR (810nm) spectral region.
155
The water has very low absorption in the red and near-infrared spectrum, although it increases with 156 increasing wavelength. Calculation of tissue absorption specifically due to water was performed by 157 obtaining the value of the absorption coefficient of pure water at the three wavelengths [46] [50] [51] .
158
Since 75% water per unit volume (i.e., volume fraction) is present in brain tissues, hence, 0.75mu a 159 is the absorption coefficient of the tissue specifically due to water[52] [more details provided in the the equations based on discretization (Supplementary figure 1) . In this case, the head model with 175 the four layers has been discretized into more than 917075 tetrahedral elements forming a complete 176 mesh. The computation of the partial differential equations is performed at each discrete unit, more For simulating the light interaction due to individual chromophores, we investigated the 187 absorption in the brain tissues due to specific chromophores (based on its absorption coefficient 188 in the brain tissue). Since scattering is a property attributed by the geometry of the medium (i.e., the 189 brain tissue), we have assumed the same reduced scattering coefficient of the tissue during all the 190 chromophore-specific simulation. We used both absorption and scattering properties of the skull and 191 scalp and the CSF since we wanted to study the fluence rate at the brain tissues after the light traveled 192 through the scalp, skull, and CSF. Thus, we initially simulated for the brain tissues' contribution to The cutline has been drawn through the source which has coordinates 92mm,104mm, and 174mm.
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The x-axis on the graphs show the values of z-coordinates of the points along the cutline. Thus, values 204 of z-coordinates decrease as the light travels further from the source placed at the scalp surface(the 205 grid of coordinates shown in figure 6 where the z-axis is the depth). The optical fluence rate due to absorption and scattering by each layer is obtained from the 209 solution of the RTE equation (7). layers for the three wavelengths used for the study along the straight line taken through Cz. It is seen, 212 that for wavelength 700nm and 810nm, fluence rate is comparatively higher at greater depths (less attenuation) when compared to that at 630nm, i.e., a higher penetration depth near the NIR optical 214 window. The fractional fluence rate from the scalp surface to gray matter is shown in figure 9 where 215 we see that minimal amount of light penetrates from the scalp through the skull and cerebrospinal 216 fluid to the gray matter across a distance of more than 20mm along the cutline( figure 7) showing that 217 minimal amount-around 0.2% NIR light is able to penetrate the skull. Figure 10 shows the power absorbed per unit volume by gray matter. The absorbed power has 219 been assumed as the heat source for the gray matter, causing the temperature alteration. It was seen that 810nm comparatively shows a higher absorption of power at the gray matter, and 221 thus we hypothesized that this wavelength a better choice for photothermal neuromodulation. We 222 performed the bioheat simulation for all three wavelengths to verify our hypothesis.
223
The temperature along the line at the Cz location (10-20 EEG system) at different domains of 224 the head model due to the 630nm, 700nm and 810nm optical stimulation was obtained from bioheat 225 transfer solution, as shown in Figure 11 . The numbers on the x-axis show the z-coordinates of the points on the cutline
The results showed a temperature rise, at the scalp surface as well as at the other layers, from the 227 average body temperature of 37°C. The increase of temperature at the scalp at Cz is less than 0.25°C 228 so well within the safety limit( figure 11 ), but the rise of temperature at the gray matter underlying Cz 229 area was much lower less than 0.04°C (figure 12). figure 13 , it can be seen that at all the wavelengths, there is no considerable increase in 234 temperature in the gray and white matter and temperature is very close to the average body 235 temperature. In both cases, the photothermal effect leading to changes in neural excitability is not 236 expected at such a small change in temperature. Hence, we investigated the other aspect of light 237 interaction with the neural tissue, i.e., photobiomodulation. 
Photobiomodulation

239
The light interaction with the chromophores in the gray and white matter (see Table 5 ) was 240 performed to analyze how the three wavelengths (630nm, 700nm, and 810 nm) in different spectral 241 regions are absorbed in the brain tissues that can lead to photobiomodulation. The fluence rate has The fluence rate distribution due to absorption by specific chromophores (at the gray and white dependent on the bioheat, which is further dependent on the heat source and the blood perfusion 292 sink. The simulated results showed insignificant temperature change (0.033°C) to cause photothermal 293 neuromodulation. Hence, the chromophore simulations suggest a possible photobiomodulation effect 294 of the NIR light interaction with the tissue. The results obtained from the simulation of the absorption 295 by each chromophore, including lipid and water, elucidated the fact that besides water and lipid, light 296 attenuation in the gray matter is due to the absorption of NIR light by the reduced and oxidized CCO.
297
In fact, for 630nm, 700nm, and 810nm wavelengths, we found that the two forms of CCO are the two 298 major contributors to light attenuation besides water, lipid, and hemoglobin. Thus, we can conclude 299 from the three categories of data that neuromodulation of the gray matter by photothermal effect 300 is not significant with 500mW cm −2 at the scalp surface at 630nm and 700nm (red spectral region) 301 and 810nm (near-infrared spectral region). However, the biochemical effects of CCO absorption need 302 further investigation in conjunction with the heating effects since a small, steady state temperature 303 change can affect the kinetics of photobiomodulation. Our simulation data comparing the fluence rate 304 attenuation among 630nm, 700nm, and 810nm also showed that 810nm has higher penetration depth 305 than the 630nm and 700nm, which supports the use of tNIRS for non-invasive brain stimulation.
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